A new in vitro system for T4 DNA replication was developed by concentrating cell lysates on cellophane disks. The time course of [3H]dTTP incorporation into DNA by the system was separated into two phases: one was a very rapid incorporation which was terminated within 2 min (phase I reaction), and the other was a slow but continuous incorporation thereafter (phase II reaction). More than half of the phase I reaction product wasEscherichia coli DNA, but the phase II reaction product was mostly T4 DNA. Phase II reaction required four deoxyribonucleoside triphosphates, ATP, Mg2+, and KCI. 5-Hydroxymethyldeoxycytidine triphosphate was essential for the reaction and not substitutable by dCTP. The presence of KCN or NaN3 in the reaction mixture did not interfere with [3H]dTTP incorporation, but the addition of deoxyribonuclease completely degraded the system. Alkaline sucrose sedimentation analysis of phage II reaction product revealed that phase II reaction proceeded by the discontinuous mode of DNA replication as in vivo. After T4 infection, the activity for phase II reaction appeared in parallel with the activity of T4 phage DNA replication in vivo.
DNA replication proceeds through several successive steps: initiation of DNA replication, unwinding of the parental strands, and sequential copying of the unfolded single-stranded DNA. The discontinuous model of DNA replication has been successfully applied to explain the incompatibility between the sequential chromosome replication and the opposite polarity of the DNA strands (13) .
Considering the molecular basis of the replication mechanism, there must be several kinds of proteins (or enzymes) working cooperatively in these complicated processes. There are, in fact, many genes that are absolutely necessary for replication (6) . The problems remaining to be clarified are those concerning the determination of how many kinds ofproteins (or enzymes) are necessary for each process and how the protein (or enzyme) works in each process.
One approach to answer these questions is to make an in vitro DNA replication system, which retains the essential character of in vivo DNA replication and is freely accessible to high-and low-molecular-weight materials necessary for DNA replication. In vitro replication systems of Escherichia coli prepared by treatment with the nonionic detergent Brij 58 were short-lived for DNA synthesis and probably contained only a part of the in vivo system (8, 14, 20) . The toluene-treated E. coli system had long-lived synthesis but was not freely permeable to high-molecular-weight substances (10) . Recently, a concentrated Brij 58-treated E. coli system, the so-called cellophane disk system, was shown to overcome these weak points of the in vitro system (18) .
We have made an in vitro system for T4 DNA replication. T4 DNA is much smaller than that ofE. coli in size, making the intact DNA molecule easier to handle. The presence of many conditional lethal mutants essential for T4 DNA replication is also helpful. Our previous in vitro system for T4 replication (14) , as well as the similar system reported by Barry and Al- berts (2) , is permeable to high-molecularweight materials, but the synthesis ceases within a minute.
In this paper, an application of the cellophane disk system to T4-infected cells is reported. The in vitro system retains many essential characteristics of in vivo T4 DNA replication. A part of this work has already been reported elsewhere (15) .
MATERIALS AND METHODS
Phage and bacterial strains. A DNA polymerase I-negative mutant of E. coli B, R-15 (7) , was obtained from T. Kato Preparation of T4 phage lysate. E. coli BB was grown at 37°C to a cell density of 108 cells/ml. T4 phage was added at a multiplicity of infection of 0.1, and cultivation was continued for 8 h. To a cell lysate a few drops of chloroform was added, and cell debris was removed by centrifugation at 7,000 x g for 10 min. Phage particles were then precipitated by centrifugation at 25,000 rpm for 45 min in the Spinco no. 30 rotor. Phage particles were resuspended in a small volume of T4 phage diluent, and contaminating cell debris were removed as above after standing overnight in the cold.
Preparation of in vitro system for T4 DNA synthesis. The cellophane disk system was prepared from T4 EM7-infected R-15 cells, unless otherwise noted. Cells grown at 30°C to a density of 5 x 101' cells/ml were infected with T'4 EM7 at a multiplicity of infection of 10 and incubated at 30°C for 20 min. The following procedure was fundamentally the same as described by Schaller et al. (18) . Cells were chilled in ice, harvested, washed once with Trisbuffered salt-glucose medium (19) , and resuspended at a concentration of 4 x 1010 cells/ml in the same medium containing 0.5% Brij 58. Lysozyme (1 ,ul; 1 mg/ml in 0.05 M Tris-hydrochloride buffer, pH 7.5) was spread on a cellophane disk (12- 20 ,uM nicotinamide adenine dinucleotide, and 20 ,u M each dATP, dGTP, HMdCTP, and [3H]dTTP (300 gCi/,umol) and prewarmed to 30°C. Incubation was carried out in a covered petri dish which had been dipped in a water bath at 30°C. The reaction was terminated by putting the disk into 0.5 ml of 0.5 N NaOH-1% sodium dodecyl sulfate. After adding 0.05 ml of crude herring sperm DNA (5 mg/ml) and 0.05 ml of 10% sodium pyrophosphate, the mixture was incubated at 80°C for 5 min. After cooling, 0.6 ml of ice-cold 50% trichloroacetic acid was added, and the mixture was kept in ice for 20 min. Precipitated DNA was collected on a membrane filter, washed with 15 ml of 5% trichloroacetic acid, and dried, and radioactivity was counted in a liquid scintillation counter.
When the preincubation of the disk was required, the disk was first incubated at 30°C for 5 min on a 25-tI drop of nonradioactive reaction mixture ([3H]dTTP was replaced by nonradioactive dTTP). The disk was transferred to the agar plate B, and nonradioactive reaction mixture was wiped off.
Then the disk was transferred again onto a 25-/,l drop of the standard incorporation mixture and incubated as described above.
For the pulse-chase experiment, the procedure was the same as described above, except that the disk was transferred onto a 25-,ul drop of nonradioactive incorporation mixture. No more incorporation of [3H]dTTP during the chase period was detected.
Alkaline sucrose density gradient sedimentation. For the product analysis by alkaline sucrose sedimentation, the incorporation of [3H]dTTP was carried out as described above except that the specific activity of [3H]dTTP was 1 mCi/,tmol. The incorporation was terminated by placing the disk into 0.25 ml of ice-cold 1% sodium dodecyl sulfate-0.04 M EDTA. After adding 0.25 ml of 0.4 M NaOH, the solution was incubated at 30°C for 10 min and then the DNA was detached carefully from the disk, avoiding fragmentation of DNA by shearing force. The DNA solution (0.4 ml) was mixed with 14C-labeled 8A phage DNA (19s in alkali [11] ) and layered on a 16-ml 10 to 20% sucrose gradient containing 0.1 M NaOH, 0.02 M EDTA, and 0.5 M NaCl. Centrifugation was carried out in a Spinco SW27 rotor at 23,000 rpm for 16 h at 4°C. Fractions (0.6 ml) were collected from the bottom, and the acid-insoluble radioactivity was measured.
J. VIROL. . After a 10-min incubation at 300C, DNA was carefully detached from the disk. Pronase treatment was carried out by adding 50 ul. of Pronase P (10 mg/ml, autodigested at 37°C for 4 h) and incubating at 370C for 4 h. An 0.5-ml sample was mixed with '4C-labeled SA phage DNA (29s in neutral conditions [111), placed on 14 ml of a 10 to 30% sucrose gradient in 0.01 M Tris-hydrochloride buffer (pH 8.0), 0.02 M EDTA, and 0.5% sodium lauroyl sarcosinate, and layered on 1 ml of 2.4 M sucrose. Centrifugation was carried out in a Spinco SW25.3 rotor at 20,000 rpm for 11 h at 40C. Fractions (0.6 ml)
were collected from the bottom, and the acid-insoluble radioactivity was measured.
DNA-DNA hybridization analysis. Denhardt's membrane filter method (4) was followed with some modifications; 0.05% sodium dodecyl sulfate was added in all incubation mixtures, and the membrane filter was washed with 3 x 10-3 M Tris-hydrochloride buffer (pH 9.0) after hybridization reaction at 650C for 12 h. E. coli B DNA, T4 phage DNA, strand-separated T4 DNA (W and C strands), 14C-labeledE. coli B DNA, and 14C-labeled T4 DNA were prepared as described previously (21) .
3H
-labeled samples to be tested were dialyzed extensively against SSC and fragmented by heating at 1000C for 7 min in 0.5 N NaOH. Samples were neutralized, and the salt concentration was adjusted to the same as 3 x SSC.
For the DNA hybridization analysis alkaline sucrose sedimentation was carried out by the same procedure as described above, except the nonradioactive AA phage DNA was used as a sedimentation marker.
Incorporation of [3H]thymidine by intact cells. To determine the in vivo rate of DNA synthesis after T4 infection, the rate of [3Hlthymidine incorporation was measured as follows. To 1.5 ml of warmed medium A containing 20 ,ul of [3H]thymidine (8 jACi/10 nmol per ml) 0.5 ml of culture was added, and the mixture was incubated at 300C for 30 s with shaking.
Ice-cold 10% trichloroacetic acid (2 ml) was added, and the mixture was immersed in ice for 20 min. The precipitates from 2-ml portions were collected on membrane filters, washed with 15 ml of ice-cold 5% trichloroacetic acid, and dried, and the radioactivity was counted. RESULTS Two-step kinetics of [3HIdTTP incorporation by the in vitro system. A DNA polymerase I-negative mutant of E. coli B, R-15, was infected with an rllB mutant ofT4 phage (EM7) at 300C. The in vitro system was prepared from the cells harvested 20 min after infection. The kinetics of [3H]dTTP incorporation into DNA at 300C under various assay conditions are shown in Fig. 1 . In the complete assay system (Fig.  la) , the kinetics of [3H]dTTP incorporation are separated into two phases. During the first few minutes the incorporation proceeded quickly (phase I reaction); then the rate of incorporation decreased gradually. After this transient period, the incorporation continued with a lower but constant velocity for more than 20 min (phase II reaction). This two-step kinetic pattern of the incorporation was also observed (Fig. lc) .
To clarify the nature of phase I and phase II reactions, the reaction products of each phase were analyzed. The phase II reaction product was referred to as the product that was pulse labeled after a 5-min preincubation with the nonradioactive reaction mixture.
Product analysis by alkaline sucrose sedimentation was carried out to follow the size change of the reaction product during incubation. Figure 2a shows the sedimentation profile and the fate of the phase I reaction product. After a 1-min pulse labeling, the product was mainly short DNA fragments under denatured conditions (less than 20s). The succeeding 2-and 5-min incubations with nonradioactive reaction mixture caused only a slight change of the sedimentation profile of the 1-min pulselabeled product. Thus, the main product of the J. VIROL. phase I reaction was short DNA fragments which did not join together to make larger DNA molecules.
The sedimentation profile and the fate of the phase II reaction products were clearly different from that of the phase I reaction products (Fig. 2b) . Using a 1-min pulse labeling after a 5-min preincubation with a nonradioactive reaction mixture, about half of the product was recovered as short DNA fragments (less than 20s) and the remaining half sedimented more rapidly (more than 30s). A pulse-chase experiment clearly showed that the short DNA fragments joined together to make large DNA molecules by succeeding the 2-or 5-min incubation.
The products were also analyzed by neutral sucrose sedimentation analysis to determine the size of the product without denaturation treatment. Almost all the phase I reaction product sedimented as short DNA fragments even in neutral conditions (Fig. 3a) . A considerable amount of the phase II reaction product was, on the other hand, recovered as large DNA molecules (Fig. 3b) . Reaction products were further analyzed by the DNA-DNA hybridization technique. More than half of the product of phase I reaction was annealed to E. coli DNA, whereas the product of phase II reaction was mainly annealed to T4 DNA (Table 1 ).
An explanation for the results presented above is that phase I reaction is mainly due to the repair-type reaction by T4 DNA polymerase of the fragmented host DNA, which may be produced by T4-induced nucleases (17, 23) . In contrast, the nature of the phage II reaction products seems to be consistent with the nature of the nascent T4 DNA produced by the in vivo system (12, 21) .
Characterization of phase II reaction. The results presented in the previous section showed that phase II reaction reflected the essential characteristics of in vivo T4 DNA replication. Therefore, the experiments reported hereafter were concentrated on the characterization of phase II reaction. Since phase I reaction ceased quickly at 30°C, presumably because of the consumption of the primer of the host-fragmented DNA, a 5-min preincubation of the system with the nonradioactive reaction mixture was sufficient to eliminate most of the repair-type reaction. Phase II reaction was, therefore, determined after a 5-min preincubation, unless otherwise noted. (i) Requirements and optimal conditions for the system. The incorporation of [3H]dTTP into DNA was almost linear with time until 10 min at 30°C, and then the rate of synthesis decreased gradually (Fig. 4a) . Replacement of HMdCTP with dCTP after a 5-min preincubation with HMdCTP showed a quick termination of the reaction (Fig. 4b) .
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MgCl2, and ATP were 0.1 M, 5 mM, and 0.5 to 2 mM, respectively. Figure 8 shows the pH dependence of the system. The optimal pH was 7.2. The effect of the deoxyribonucleoside 5'-triphosphate concentration on the activity is shown in Fig. 9 ; the K,,, value was roughly calculated as 30 ,uM each. The optimal temperature for the reaction was between 300 and 40°C (Fig. 10) .
(ii) Basic properties of the system. Requirements for DNA synthesis in the system are summarized in Table 2 . As described in the previous section, the system required all four deoxyribonucleoside 5'-triphosphates and ATP for activity. The addition of thymidine even to a the synthesis. The addition of four ribonucleoside 5'-triphosphates stimulated the incorporation only slightly. UDP-glucose, which is the glucosyl donor for the glucosylated hydroxymethylcytosine residue of T4 DNA (9), had no significant stimulatory effect. Table 3 shows the effect of various inhibitors on the system. KCN and NaN3 had no effect on the incorporation. p-Chloromercuribenzoate showed a strong inhibitory effect, but dithiothreitol had no effect. EDTA exhibited a strong inhibition on the system but EGTA did not, suggesting that Mg2+ but not Ca2+ is required for activity. Nalidixic acid had no inhibitory effect on the in vitro system, as also observed in vivo (1) . The preincubation with deoxyribonuclease abolished synthesis completely, whereas VOL. 19, 1976 the preincubation with ribonuclease had no effect. Rifampin, an inhibitor of RNA polymerase, also had no inhibitory effect on the activity. (iii) Dependence of the system on the cell lysate concentration. The cellophane disk system has been developed to avoid the dilution of the system by the reaction mixture. The relationship between cell lysate concentration and [3H]dTTP incorporation is shown in Fig. lla . Relative incorporation velocity plotted against the cell lysate concentration per disk is shown in Fig. llb . The maximal rate of the incorporation was observed between 2 x 107 to 5 x 107 lysed cells/cm2 of the disk. Lowering the cell lysate concentration to less than 2 x 107 lysed cells/disk resulted in a sharp decrease of the incorporation velocity. This clearly indicates that one or more macromolecular factors at a high concentration are necessary in the system to give the maximal velocicy of synthesis. A higher concentration than 5 x 107 lysed cells/ disk caused some decrease of the velocity of incorporation.
(iv) Product analysis of the system. The reaction product of phase II reaction was analyzed in greater detail by alkaline sucrose sedimentation (Fig. 12) . During short labeling times, up to 90 s at 30°C, the incorporated radioactivity was almost equally distributed into two components: one sedimented at a sedimentation velocity less than 20s, and the other had a sedimentation velocity greater than 20s. The former, nascent short DNA chains joined together with the increase of the pulse time, and the peak position moved from 10s to more than 13s. The latter, nascent long DNA chains also became joined together with time, and the peak position changed from 30s to more than 40s. A longer pulse labeling caused the overlapping of these two components, and finally the peak of the main product sedimented at a velocity of more than 30s.
Strand specificity of the reaction products was analyzed by the DNA-DNA hybridization technique, using separated T4 DNA strands. Both of the nascent short and long DNA chains annealed to each of the T4 DNA strands with an almost equal efficiency (Table 4 ). The result clearly indicates that the product ofthe phase II reaction is made by the equal copying of both template strands.
(v) Changes of in vivo and in vitro DNA synthesizing ability after T4 infection. After T4 infection, host DNA synthesis is blocked and then T4 DNA synthesis appears. This change of in vivo DNA synthesizing activity was followed by a change in the rate of [3H]thymidine incorporation into DNA. The rate dropped once after T4 infection and then increased rapidly and reached a maximum around 20 min at 30°C (Fig. 13) . At various time intervals after infection, samples were withdrawn and the in vitro system was prepared. The The optimal concentrations required for the reaction are 5 mM MgCl2, 0.1 M KCl, 2 mM ATP, and more than 100 ,M of four deoxyribonucleoside 5'-triphosphates. These values are fundamentally the same as those for the cellophane disk system for E. coli (18) . Our standard reaction mixture contained optimal concentrations of KCl, MgCl2, and ATP, but the deoxyribonucleoside 5'-triphosphate concentration approximated that of the K,, value. The increases in the nucleotide concentration did not alter the essential characteristics of the system (data not shown). The pH optimum is 7.2 instead of about 8 in the E. coli system. The requirement of a high concentration of ATP for the reaction may imply that ATP might supply an energy for the movement of the replicating complex and that some protein(s), having a DNA-dependent ATPase activity and acting like the dnaB gene product of E. coli (24) , might be involved in the replicating complex.
HMdCTP is necessary to continue T4 DNA replication for a long time. When HMdCTP was replaced by the same concentration of dCTP, the incorporation of [3H]dTTP stopped quickly and some degradation of the product was observed ( Fig. lc and 4b) . The presence of phageinduced dCTPase in the system may degrade dCTP in the reaction mixture and result in a quick termination of the reaction, as suggested by the toluene-treated T4-infected cell system (5). However, the transfer of the system to the new reaction mixture containing dCTP after a 5-min preincubation did not stimulate the incorporation, and a significant amount of dCTP remained in the preincubation mixture (data not shown). Therefore, the requirement of HMdCTP for the reaction may not solely be attributed to the presence of dCTPase in the system, but also to preventing the degradation of the product due to the presence of phage-induced nucleases that are selectively active for DNA which contains cytosine (17, 23) . Further experiments are necessary to clarify the requirement of HMdCTP in the system.
The maximum rate of nucleotide incorporation in the system under the optimal conditions (Fig. 9) was roughly calculated to be 3 x 10 nucleotides/min per cell at 30°C. The value is about three times higher than the rate of DNA synthesis by the E. coli system (18) but is about one-tenth of the in vivo rate of T4 DNA chain elongation (1.8 x 106 nucleotides/min per cell at 250C [22] ). The extent of T4 DNA synthesized by the standard assay system corresponds to about 3 to 4 T4 DNA molecules/cell for a 20-min incubation at 300C.
Product analyses of the in vitro system by brief pulse labeling showed that equal amounts of radioactivity were incorporated into short and large DNA fragments (Fig. 12) . This result is consistent with the data reported by Olivera and Bonhoeffer in the E. coli system (16) and may support their idea that the rate of chain elongation in both DNA strands is the same but the joining rate is different (16) .
